The mammalian olfactory system detects a plethora of environmental chemicals that are perceived as odors or stimulate instinctive behaviors. Studies using odorant receptor (OR) genes have provided insight into the molecular and organizational strategies underlying olfaction in mice. One important unanswered question, however, is whether these strategies are conserved in primates. To explore this question, we examined the macaque, a higher primate phylogenetically close to humans. Here we report that the organization of sensory inputs in the macaque nose resembles that in mouse in some respects, but not others. As in mouse, neurons with different ORs are interspersed in the macaque nose, and there are spatial zones that differ in their complement of ORs and extend axons to different domains in the olfactory bulb of the brain. However, whereas the mouse has multiple discrete band-like zones, the macaque appears to have only two broad zones. It is unclear whether the organization of OR inputs in a rodent/primate common ancestor degenerated in primates or, alternatively became more sophisticated in rodents. The mouse nose has an additional small family of chemosensory receptors, called trace amine-associated receptors (TAARs), which may detect social cues. Here we find that TAARs are also expressed in the macaque nose, suggesting that TAARs may also play a role in human olfactory perception. We further find that one human TAAR responds to rotten fish, suggesting a possible role as a sentinel to discourage ingestion of food harboring pathogenic microorganisms.
Introduction
The first step in odor perception is the binding of odorants to odorant receptors on olfactory sensory neurons (OSNs) in the nasal olfactory epithelium (OE) (Buck and Axel, 1991; Mombaerts, 2004; Munger et al., 2009; Buck and Bargmann, 2012) . Odorant receptors (ORs) are encoded by a large multigene family that is evolutionarily conserved among vertebrates, but most extensively studied in mice. Mice have ϳ1000 different ORs, whereas humans have ϳ350 (Glusman et al., 2001; Zhang and Firestein, 2002; Godfrey et al., 2004; Malnic et al., 2004; Niimura and Nei, 2005) .
The mouse (and rat) OE has a series of multiple, partially overlapping, spatial zones along its dorsal-ventral axis that express different OR genes and project axons to roughly corresponding domains in the olfactory bulb (OB) (Ressler et al., 1993; Vassar et al., 1993; Sullivan et al., 1996; Iwema et al., 2004; Miyamichi et al., 2005) . Individual OSNs appear to express one allele of a single OR gene (Chess et al., 1994; Malnic et al., 1999) . Those with the same OR are scattered within one OE zone, but their axons converge in a few glomeruli at semistereotyped locations in the OB (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996) .
ORs are used in different combinations to detect different odorants, thereby allowing the discrimination of a multitude of odorants (Malnic et al., 1999; Kajiya et al., 2001) . Nonetheless, the mouse OE has a second family of chemosensory receptors comprising 14 trace amine-associated receptors (TAARs; Liberles and Buck, 2006) . Like ORs, TAARs are evolutionarily conserved from fish to humans (Gloriam et al., 2005) . At least three mouse TAARs recognize volatile biogenic amines that cause behavioral attraction or aversion, suggesting that some TAARs detect social cues (Liberles and Buck, 2006; Li et al., 2013; Zhang J. et al., 2013) .
One important question that remains to be answered is whether the organization of olfactory receptor inputs and TAAR expression observed in mouse is recapitulated in primates, such as humans. To address this question, we turned to the macaque, a higher primate phylogenetically close to humans (Janecka et al., 2007) . We found that fundamental aspects of OR gene expression observed in mouse are conserved in macaque, as is a dorsalventral organization of the axonal projection to the OB. However, whereas mouse OR genes are typically each expressed in a spatial zone occupying approximately one-quarter of the OE, individual macaque OR genes are each expressed in a spatial zone that occupies approximately one-half the OE.
We found that TAARs are also expressed in the macaque OE, suggesting that these receptors may also function as chemosensory receptors in the human nose. In vitro analyses revealed that one macaque TAAR and its human homolog both detect an amine repulsive to humans. The human homolog also responds to rotten fish, suggesting that this receptor may convey innately aversive signals in humans and thereby play a role in discouraging the ingestion of spoiled food.
Materials and Methods
Tissue preparation. Macaque olfactory tissue was generously donated by several groups studying other aspects of macaque biology. Paraformaldehyde-perfused tissue from adult male Macaca mulatta was obtained from C. Kaneko and R. Robinson, University of Washington (Animals 6, 10, 11, and 13; 3% PFA), and from L. Sincich and J. Horton, University of California at San Francisco (Animal 9; 1% PFA, postfixed in 4% PFA). Juvenile M. nemestrina (9 months of age, 1 male and 1 female; 4% PFA) were obtained from S. Juul, University of Washington (Animals 8 and 12). A tissue block containing the dorsal posterior nasal cavity was isolated (except for Animals 6 and 9 for which the septum and middle turbinate were each isolated for analysis). Nasal tissue was postfixed and decalcified for 1-2 weeks in 2% PFA in PBS and 0.25 M EDTA and then cut in the coronal plane into ϳ0.5 cm anterior-posterior segments. The segments were embedded in paraffin or OCT (Miles), and then used to prepare 8 m paraffin sections (Animals 4, 6, 8, 9, and 11) or 14 m frozen sections (Animals 10 and 13). OBs (Animals 8, 10, 13) were postfixed for 2 h in 4% PFA/PBS, cryoprotected in 30% sucrose, and embedded in OCT. Frozen sections (14 m) were taken in the coronal plane.
In situ hybridization. Radioactive in situ hybridization was performed with paraffin or frozen sections using 33 P-labeled antisense (or control sense) cRNA probes and developed after 2 weeks, as described previously (Ressler et al., 1993) . Full coding regions of olfactory marker protein (OMP), OR, and TAAR genes were cloned from M. mulatta genomic DNA (Biochain) and used to prepare probes. A full set of M. mulatta OR gene sequences from the January 2006 genome draft was kindly provided by J. Young (Fred Hutchinson Cancer Research Center, unpublished data) . For the OCAM (olfactory cell adhesion molecule, NCAM2) probe, a segment containing nucleotides 395-1302 was cloned from cDNA prepared from M. mulatta brain RNA (Biochain) using Superscript III (Invitrogen) . Control experiments using sense-strand probes for TAAR2, TAAR5, and OR52K2L showed no significant signal in the OE. We sometimes saw dispersed signal from the OR52K2L antisense probe scattered below the surface of the OE in the lamina propria, but no signal was seen with the OR52K2L sense probe. We estimated the number of crosshybridizing genes using BLASTN (NCBI) of intact M. Mulatta OR genes with a cutoff of at least 400 nt with at least 80% identity. Some of the in situ hybridization experiments were performed by the Alpers Laboratory Pathology Service at the University of Washington. Despite numbers of OR-positive cells similar to the other animals, almost no TAAR-positive cells were seen in Animal 9 (the only animal perfused with a very low concentration of fixative) and the animal was not included in the TAAR analysis.
Immunohistochemistry. Antibody staining was performed using the ABC/DAB system (Vector Laboratories). Tissue sections were pretreated with 0.6% H 2 O 2 , washed with TNT (0.1 M Tris pH 7.5, 150 mM NaCl, 0.05% Tween), and blocked in TNB (TSA kit, PerkinElmer) with 0.1% Triton X-100. Sections were incubated with primary antibody diluted in blocking solution overnight at 4°C: goat anti-OMP (1/1800, Wako) or Goat anti-NCAM2/OCAM (R&D Systems, 1/600 -1/1000). They were then incubated with secondary antibody for 1 h (biotinylated rabbit antigoat, Vector Laboratories, 0.8 g/ml, in blocking solution) followed by 30 min with ABC reagent, and then developed with the DAB reagent (Vector Laboratories).
Image analysis. In situ hybridization experiments with OR and TAAR probes were analyzed as follows. Montage images of hybridized sections were taken at 1.25ϫ (panorama feature, Zeiss Axiophot) or at 5ϫ on a Zeiss M1 microscope using TissueFAXS (TissueGnostics). Positive signal over olfactory sensory neurons was confirmed at 10ϫ or highermagnification. Locations of positive cells were marked onto images using Adobe Photoshop and Adobe Illustrator. The location of OE was determined by positive OMP signal. Distances along the OE were measured on OCAM and OMP sections using segmented line lengths (ImageJ). Outlines with OCAM ϩ AND OCAM Ϫ regions and tissue borders taken from nearby sections were superimposed on the images to determine the locations of cells with respect to OCAM. Sometimes the locations of cell dots do not directly correspond to the OCAM outline as the outline is from a nearby section. Cells in OE that extended further than the OCAM outline were not counted though they are present on the outline/dot figures. Relative cell density for OCAM Ϫ and OCAM ϩ regions (given as percentage) was calculated for each animal as the cell density in one region divided by the sum of the densities in both regions. Overcounting correction was applied to the cell densities as follows. Using Abercrombie's formula [T/(T ϩ h); T ϭ section thickness, h ϭ mean object diameter in the z-axis], we calculated the adjustment to be ϳ0.66 (cell diameter 7.3 m) for 14 m cryosections, and 0.54 (cell diameter 6.7 m) for 8 m sections. Average cell diameter was estimated from OMP antibody stained OSNs for cryosections and nonradioactive OMP antibody in situ hybridization of paraffin sections (performed as in Liberles and Buck (2006) except substituting streptavidin fluorophore for development with ABC and DAB). Average OSN density was estimated by counting the numbers of OMP-immunostained cells per 100 m regions, taken from 27 regions distributed around all OMP-positive areas in cryosections of two areas from Animal 13. A rough estimate of the surface area of the OE was obtained as follows. The linear length of OMP ϩ OE was measured with ImageJ for three animals with three OMP ϩ sections, each ϳ0.5 cm apart. Given the large gaps between sections for any one animal, known anatomy was used to combine these sections to make one model animal. The total surface area was estimated by the area under the curve of the best fit for the distances.
Given the restricted number of OR probes in this study, we calculated the possibility that we may be missing mouse-like OR patterns in the macaque using a hypergeometric distribution. In mouse, there is a 0.014 probability to find that 80 of 80 ORs tested (of 1035 total) have a mouselike pattern (Miyamichi et al., 2005) , if 5% or more of ORs were to have a different pattern. Therefore, at least 95% of all mouse ORs are likely to have a mouse-like pattern. We find that 0 of 6 macaque ORs tested (of 309 ORs total) had a mouse-like pattern. The probability of this result is 0.046, 0.002, or 7.0 ϫ 10 Ϫ9 , if the percentage of all macaque ORs with a mouse-like pattern were 40%, 75%, or 95% respectively. Thus, it is very unlikely that 40% of the macaque ORs have a mouse-like pattern, even less likely that it is a majority, and extremely unlikely that macaque and mouse are the same.
TAAR functional analysis. Secreted alkaline phosphatase (SEAP) assays were performed in 96-well plates as previously described (Liberles and Buck, 2006) . In brief, HEK 293 cells (ATCC) were transfected with plasmids encoding all intact mouse, macaque, or human TAAR genes (except for TAAR1) with or without a 20 aa N-terminal bovine rhodopsin tag (rho tag). Cells (100,000 per well) were cotransfected with 20 ng receptor plasmid and a CRE-SEAP reporter plasmid (BD Biosciences) using Lipofectamine Plus or Lipofectamine 2000 (Invitrogen). After overnight incubation, cells were incubated with ligand. After 24 h, an aliquot was then incubated with an equal volume of 1.2 mM 4-methylumbelliferyl phosphate (Sigma-Aldrich) in 2 M diethanolamine bicarbonate and fluorescence was measured with a CytoFluor 4000 plate reader (Applied Biosystems). Amines tested are listed below. Putative ligands positive in the primary screen (2 wells/ligand) were then tested with dose-response curves in a secondary screen. Spoiled food samples were prepared by putting 3 g of minced food into 50 ml of PBS and leaving at room temperature for 10 d (fresh food was immediately processed). After vortexing, the samples were cleared by centrifugation and filter sterilized with a 0.22 m filter. Significant responses were seen for TAAR5 to two separate preparations of salmon, but results are shown for one preparation. Experiments shown in Figure 4 were done using TAARs with a rho tag, but experiments using TAARs without a rho tag showed similar results.
Amines tested. The following amines were tested: carnitine, 3-methylpropylamine, octopamine, benzylamine, spermidine, spermine, agmatine, ethylenediamine, butylamine, propylamine, ethyleneamine, isobutylamine, triethanolamine, putrescine, tyramine, cyclohexylamine, isobutylamine, pyrrolidine, cystamine, cadaverine, methylamine, tryptamine, N, N-methyl-beta-phenethylamine, isoamylamine, 2-methyl-butylamine, benzenamine, epinephrine, serotonin, 1-piperidine ethanol, 1-(2-aminoethyl)piperidine, creatinine, tri-iodotyronine t3, acetominophen, L-thyroxine t4, trymethylamine (TMA), 2-betaphenylethylamine, L-citrulline, nicotinic acid, L-tryptophan, DL-metanephrine, androsterone, DL-normetanephrine, taurine, homovanillic acid, N, N dimethylglycine, trimethylamine N-Oxide dihydrate, creatinine, N, N dimethyl-L-phenilalanine, 5-aminoindole HCl, N-propyl benzamide, capsaicin, synephrine, L-glutathione, 5-hydroxyindole-3-acetic acid, chloroamine, 3-hydroxy-DL-kynurenine, oxytocin, Lornithine, trigonelline, tyramine, 2-naphtylamine, carbamoylcholine chloride, 3Ј-aminoacetophenone, 4Ј-aminoacetophenone, ethylene di-
isopropylamine, p-aminobenzoic acid, ethanolamine, GABA, adenine, beta-alanine, trimethylamine oxide, 2-methyl-butanol, cyclohexanol, N-benzylmethylamine, N-methylaniline, 3-(methylthio)-propylamine, aniline, 2-methoxipyrazine, pyridine, alpha-methylbenzylamine, N, N,dimethylethilene diamine, 3-phenyl-1-propylamine, diethanolamine, 2-methyl-pyrazine, 1-methylpyrrole, isoquinoline, diphenylamine, 2-acetylpyridine, piperazine, pentylamine, pyr-
-hydroxy-4-methoxiphenethylamine, 3-methoxy-tyramine hydrochloride, melatonin, 5-hydroxy-indole, 2-dimethylamino-6-hydroxipurine.
Results

Dispersed expression of OR genes in the macaque nose
To investigate OR and TAAR expression in the OE of a higher primate, we analyzed 5 adult rhesus macaques (M. mulatta). We also examined two juvenile macaques of a different species (M. nemestrina). Similar to humans, the rhesus macaque has ϳ300 intact OR genes and 6 intact TAAR genes (Niimura and Nei, 2007) .
To assess the distribution of the macaque OE and its complement of OSNs, we first examined OMP, a protein expressed by rodent, as well as macaque, OSNs (Margolis, 1982; Smith et al., 1991) . In these and subsequent experiments, we analyzed coronal sections taken at intervals along the anterior-posterior axis of the nasal cavity. Hybridization with an OMP cRNA probe showed that the OE covers parts of the posterior nasal septum, the dorsal and lateral walls of the nasal cavity, and the middle turbinate, which protrudes into the nasal lumen from the posterior wall ( Fig. 1 A, B) . The OE extended for ϳ20 mm in the anterior-posterior dimension and a maximum of ϳ11 mm in the dorsalventral dimension.
The long length of the OE precluded analysis throughout its full extent, but measurements at several locations suggested that A B C D Figure 1 . Configuration of the macaque olfactory epithelium. In a coronal section through the macaque nasal cavity, a 33 Plabeled OMP cRNA probe hybridized to OSNs in OE present on dorsal parts of the nasal septum, medial turbinates, and lateral wall (A), as shown in orange in a schematic diagram (B). OSNs immunostained for OMP were located in a central region of the OE, but not in more apical and basal cells that were also stained by methyl green (MeG; C, D). Scale bars: A, 1 mm; B, 2 mm; C, D, 0.1 mm.
the OE has a surface area of ϳ800 mm 2 in M. mulatta. The density of neurons immunostained for OMP (Fig. 1C,D) (Olfr552, Olfr152, and Olfr160) are expressed in dorsal-most mouse zone 1 and the remaining three (Olfr1269, Olfr10, and Olfr1509) in more ventral zones previously described as zones 2, 3, and 4, respectively (Sullivan et al., 1996; Tsuboi et al., 1999; Zheng et al., 2000; Miyamichi et al., 2005; Tsuboi et al., 2006) . OR52K2L is a member of the phylogenetically distinct "Class I" set of ORs, which are mostly expressed in zone I in the mouse (Tsuboi et al., 2006) . The other macaque ORs belong to the more typical Class II set. cRNA probes matching the macaque OR genes were each hybridized to sections from several anterior-posterior OE locations. Based on nucleotide sequence relationships and the hybridization conditions used, we expected OR4X2L, OR2Y1, and OR4E2OR5 probes to each hybridize to mRNAs encoded by a single OR gene, and OR52K2L, OR8B8, and OR8A1L2 probes to mRNAs encoded by 2, 4, and 2 OR genes, respectively (Table 1) . Each OR cRNA probe hybridized to a small subset of OSNs that were dispersed within the OE (Fig. 2) . For each probe, we determined the number of hybridized OSNs in sections from different animals and the total OE surface area in each section (Table 1) . Based on these data and the approximate number of total OMP ϩ OSNs in the M. mulatta OE, we estimate that the OR genes recognized by the probes are each expressed in ϳ1/115 to 1/754 OSNs (Table 1) .
Thus, two basic features of OR gene expression seen in mouse are conserved in macaque. First, each OR gene is expressed in a small fraction of OSNs, suggesting that each OSN may express only a single OR gene. Second, OSNs expressing the same OR are highly distributed in the OE and those expressing different ORs are therefore interspersed.
OR expression zones in macaque
The mouse (and rat) OE has two domains defined by the expression of OCAM in OSNs: a dorsal OCAM Ϫ domain, which corresponds to the most dorsal OR expression zone (zone 1), and a ventral OCAM ϩ domain that includes the remaining zones (Schwob and Gottlieb, 1986; Alenius and Bohm, 1997; Yoshihara et al., 1997).
We found a similar arrangement in macaque (n ϭ 7). A macaque OCAM probe primarily labeled OSNs in ventral OE regions, except in very anterior and posterior areas, which were mostly OCAM Ϫ and OCAM ϩ , respectively (Figs. 3, 4A) . However, the percentage of OE that was OCAM ϩ at three anteriorposterior locations averaged 49 Ϯ 8% (n ϭ 3, M. mulatta), compared with ϳ75% in mouse, suggesting that the OCAM Ϫ domain is expanded in macaque relative to mouse. In preliminary studies, antibodies to NADPH:quinone oxidoreductase (NQO1), a dorsal zone marker in other species (Gussing and Bohm, 2004) , stained glomeruli in all regions of the OB, and were thus uniformative (data not shown). This is consistent with previous histochemical studies of NADPH diaphorase activity (from NQO1) in human and macaque OB showing no evidence of the NQO1
Ϫ ventral region seen in other species (Alonso et al., 1998; Brinón et al., 1998 OSNs labeled by OR52K2L, OR8B8, OR8A1L2, and OR2Y1 probes were located predominantly in the dorsal OCAM Ϫ domain (96 Ϯ 3, 90 Ϯ 2, 86 Ϯ 4, and 75 Ϯ 2%, respectively; n ϭ 5). In contrast, OSNs expressing OR4X2 and OR4E2 were found primarily in the ventral OCAM ϩ domain (86 Ϯ 5 and 92 Ϯ 3%, respectively). Similar results were obtained in M. nemestrina (n ϭ 2) for OR8B8, OR8A1L2, and OR4X2L, but few cells were labeled for the other ORs. Remarkably, five of six macaque ORs showed the same rough localization to OCAM Ϫ and OCAM ϩ domains as their mouse homologs. These results indicate that, in macaque as in mouse, there are spatial zones of OR expression that are related to OCAM expression domains.
The mouse (and rat) OE has a series of multiple, partially overlapping OR expression zones organized along the dorsalventral axis (Ressler et al., 1993; Vassar et al., 1993; Sullivan et al., 1996; Iwema et al., 2004; Miyamichi et al., 2005) . Each OR gene is expressed in neurons scattered in only one zone, which typically occupies approximately one-quarter of the OE.
In contrast to what is seen in rodents, we identified only two general zones in macaque, one dorsal and one ventral. Given the proportion of the OE labeled for OCAM (approximately onehalf) and the rough correspondence between the OCAM domains and the areas that hybridized to individual OR probes, it appears that each of the OR zones seen in macaque occupies approximately one-half the OE, as opposed to approximately one-quarter of the OE in the case of mouse zones. It cannot be excluded that the macaque has additional "mouse-like" zones that occupy smaller proportions of the OE. However, according to a hypergeometric distribution, this appears unlikely: if only 40% of macaque OR genes had a mouse-like expression pattern, the probability of 0/6 probes showing that pattern is only 0.046, even if each probe detected the expression of only a single gene. It may be, however, that macaque OR zones can be slightly offset from each other and not precisely the same from OR to OR. This may be the case, for example, for the expression patterns seen for OR2Y1 versus OR52K2L (Fig. 4F ).
Zonal patterns of projections to the OB
In the mouse, innate aversive responses to certain predator and spoiled food odors require ORs expressed in zone 1, the most dorsal, OCAM Ϫ zone (Kobayakawa et al., 2007). As noted above, 5/6 macaque ORs showed the same localization to OCAM Ϫ and OCAM ϩ domains as their mouse homologs. One question raised by these findings is whether a hard wiring of brain inputs from some ORs in a particular OE zone might provide a selective advantage that preserved the zonal expression patterns of a large contingent of ORs during evolution.
Consistent with this idea, we found that the OE-OB axonal projection in macaque has a dorsal-ventral organization similar to that in mouse. In mouse, the dorsal OCAM Ϫ and ventral OCAM ϩ OE domains project to glomeruli in roughly corresponding dorsal-ventral domains in the bulb (Alenius and Bohm, 1997; Yoshihara et al., 1997) . In macaque, OSN axons immunostained for OCAM were similarly located primarily in glomeruli in the ventral bulb, whereas the dorsal bulb contained mostly OCAM Ϫ glomeruli ( Fig. 5 ; n ϭ 5 OBs from 3 animals). The only exceptions were glomeruli in the very anterior and posterior bulb, which were mostly OCAM Ϫ and OCAM ϩ , respectively. Thus, in macaque as in mouse, the broad dorsal-ventral organization of gene expression in the OE defined by OCAM expression is preserved in its axonal projection to the OB.
TAAR expression in the macaque nose
Do TAARs function as olfactory receptors in macaque, as they do in mouse? To explore this question, we hybridized probes for each of the 6 intact macaque TAAR genes (TAAR1-TAAR6 ) to macaque OE sections using conditions that distinguish the expression of different TAARs ( Fig. 6 ; Table 2) .
As in mouse, we saw little or no evidence for TAAR1 expression in the macaque OE. However, probes for TAAR2-TAAR6 each hybridized to a small subpopulation of OSNs that were scattered in the OE (Fig. 6) . With the exception of TAAR4, far fewer OSNs were labeled by TAAR than by OR probes in M. mulatta (1/561 OSNs for TAAR4, 1/3860 -1/7284 OSNs for other TAARs; Fig. 2 OSNs were present at similar densities in the two domains ( Fig.  4B-E ; Table 2 ). These results indicate that TAARs are indeed expressed by OSNs in the OE of a higher primate and may therefore also be expressed in the human OE.
A human TAAR associated with spoiled food
What chemosensory stimuli do macaque and human TAARs detect? We previously conducted a chemical screen of mouse TAARs (mTAARs) and human TAARs (hTAARs) expressed in HEK293 cells using low concentrations of Ͼ200 diverse odorants (Liberles and Buck, 2006) . We identified ligands for several mTAARs, all of which were amines, but none for hTAARs. To further search for hTAAR ligands, we expressed all individual hTAARs (except TAAR1) in HEK293 cells and assessed their responses to different amines using a cAMP reporter assay based on SEAP. We tested 178 amines, including many not previously tested, at higher concentrations (30 and 300 M) than we had previously. We found only that hTAAR5 recognizes the mTAAR5 ligand, TMA, as recently reported (Wallrabenstein et al., 2013; Zhang J. et al., 2013 ; Fig. 7A ). We found that macaque TAAR5 and not other macaque TAARs also responded to TMA (Fig. 7A) . However, we did not find ligands for any other macaque TAAR in a preliminary screen in which we tested all intact macaque TAARs except TAAR1.
Like some mTAARs, hTAARs could conceivably detect animal-associated cues, perhaps including amines in human secretions. However, because bacteria generate amines during spoilage of food (Naila et al., 2010), we reasoned that food might be another source of amines important for humans, and perhaps also macaques. By screening hTAARs with extracts prepared from fresh or spoiled foods, we found that hTAAR5 responds to rotten salmon, but not to fresh salmon (Fig. 7B) . A small response was also sometimes seen to spoiled, but not fresh beef, whereas preliminary experiments showed no response to fresh or spoiled tomato (data not shown). No significant responses were seen with macaque TAARs, including macaque TAAR5, which also had a weaker response to TMA than did human TAAR5. Interestingly, the unpleasant characteristic smell of rotten fish is thought to mainly derive from TMA generated by bacteria during spoilage (Gram and Dalgaard, 2002) . The smell of both TMA and spoiled food are generally repugnant to humans (Mitchell and Smith, 2001) , suggesting that, like some TAAR ligands in mouse and zebrafish Hussain et al., 2013) , human TAAR5 ligands may elicit innate aversive responses.
Discussion
Previous studies using OR genes have provided insight into the molecular mechanisms and organizational strategies that underlie odor sensing in mice. Here we investigated whether these strategies are evolutionarily conserved in macaque, a higher primate phylogenetically close to humans. These studies showed that certain features of OR gene expression are common to macaque and mouse, as is the existence of dorsal and ventral OE domains that differ in OCAM expression and project axons to corresponding dorsal-ventral domains in the OB. However, the organization of the OE into multiple discrete OR expression zones in mouse appears to be replaced in macaque by a simplified arrangement composed of two broad domains expressing different sets of OR genes. These studies further show that 5/6 macaque TAAR genes are expressed in the OE and are thus likely to function as olfactory receptors in this species, and most likely other primates, including humans. They also demonstrate that one human TAAR responds to spoiled fish, a natural source of aversive odorants. A B C Figure 6 . TAAR gene expression in macaque olfactory epithelium. cRNA probes for TAAR2-TAAR6 each hybridized to a small subpopulation of OSNs that were dispersed in the OE, whereas no labeling was seen with a TAAR2 sense probe (A). OSNs labeled for TAAR4 were located in both OCAM Ϫ and OCAM ϩ regions in the boxed region indicated in (B, C). The locations of OSNs labeled by TAAR probes are shown as black dots in (C). Animal 10. Scale bars: A, 0.1 mm; B, 1 mm; C, 2 mm.
OR gene expression in macaque versus mouse
2007; Carnicelli et al., 2010) . Our in situ hybridization studies show that several fundamental features of OR gene expression in the mouse are present in a higher primate. First, each OR gene is expressed in a small subset of neurons, suggesting that each macaque OSN may express a single OR gene and thus transmit signals to the brain that reflect the odorant specificities of a single receptor type. Second, macaque OSNs with the same OR are highly distributed within a specific OE spatial zone, suggesting that the developing neuron uses a stochastic mechanism to select one OR gene for expression from a spatially appropriate subset of OR genes.
Two additional features that are evolutionarily conserved in macaque are the division of the OE into dorsal and ventral domains distinguished by the expression of OCAM, and the projec- tion of axons from those domains to corresponding dorsal and ventral domains in the OB. Surprisingly, most macaque OR genes examined were expressed in the same OCAM domain as their closest mouse homologs, suggesting that the conserved projection patterns of the OCAM domains extends beyond the domains to a preservation of signaling from specific types of receptors to selected regions of the bulb.
Given that some mouse-primate OR orthologs recognize the same or similar odorants (Adipietro et al., 2012) , these findings suggest that sensory signals generated by certain types of odorants may be transmitted to the same bulb domain in mice and primates. Interestingly, ablation of the dorsal OCAM Ϫ OE domain in mice results in a loss of innate aversive responses to a number of odorants (Kobayakawa et al., 2007) . In addition, the dorsal and ventral bulb appear to have slightly different projections to the amygdala, an area involved in innate behaviors (Kang et al., 2009 (Kang et al., , 2011 Miyamichi et al., 2011) . It seems unlikely that all ORs expressed in the dorsal OCAM Ϫ domain stimulate aversion in either mouse or macaque. However, it is conceivable that certain features of the OE to OB axonal projection, such as the transmission of signals from certain classes of ORs, have been evolutionarily conserved due to their ability to elicit innately aversive or pleasurable responses to particular functionally significant odorants. For example, such signals might alert the animal to foods that pose a danger if ingested or ones that would provide caloric value, such as sweet foods.
Considering the numerous conserved features of olfactory inputs noted above, it is curious that the zonal organization of OR gene expression in the OE seems quite different in macaque and mouse. The mouse has a series of OR zones organized along the dorsal-ventral axis, each of which appears to cover approximately one-quarter the OE. In contrast, we identified only two broad zones in macaque that roughly correspond to the dorsal and ventral OCAM domains. It may be that there are slight differences in the dorsal and ventral boundaries of the zones occupied by different ORs in, for example, the dorsal OCAM Ϫ domain. However, each OR is predominantly expressed in an area covering approximately one-half the OE rather than approximately onequarter of the OE as seen for many mouse ORs.
These findings suggest that a zonal organization present in a common rodent/primate ancestor might have either degenerated in primates or become more complex in rodents. The functional significance of OR expression zones is currently unknown. However, the present studies suggest that the macaque not only has fewer OR genes than mouse, but may also have fewer OR expression zones, each covering a larger proportion of the OE than seen for OR zones in mouse. The apparent correlation between OR gene number and zones raises the possibility that the two might be interrelated. It is conceivable, for example, that the number of OR zones reflects an upper limit on the number of OR genes from which the developing OSN can select to achieve the expression of a single OR gene. In this scenario, the locations of the zones might simply reflect evolutionary events in which OSN progenitors at different locations became marked with different zonal identities. In this model, the different zonal identities would then serve to restrict the OSN offspring of differently marked progenitors to randomly select a single OR gene for expression from a different zonal OR gene set.
TAARs as chemosensory receptors in primates
These studies suggest that TAARs serve as olfactory receptors not only in mice and fish, but also in macaque, and may therefore also do so in humans. Although the TAAR family is evolutionarily conserved from fish to humans, reports of TAAR expression in the brain (Vanti et al., 2003) and other tissues in humans raised the possibility that primate TAARs might instead have other functions (Lewin, 2006) . However, the present studies show that five of six macaque TAARs are expressed in small subsets of dispersed OSNs in the macaque OE, a patterning similar to that seen for both ORs and TAARs in mouse and for ORs in macaque. Whether some or all macaque TAARs have additional, nonolfactory functions in other tissues is unknown.
One puzzling question is why TAARs have persisted as olfactory receptors over vertebrate evolution. The large size of the OR family and its combinatorial use in odor coding easily account for the ability to detect and discriminate a virtually unlimited number of odorants. Moreover, like at least some TAARs, some ORs respond to amines when expressed in HEK293 cells (K. Nara, Z. Lu, E. Lee, L.B.B., unpublished observation). This would seem to argue against the remote possibility that TAARs have been evolutionarily conserved to detect amine odorants because amines cannot be recognized by ORs. Optical imaging studies of the dorsal OB also suggest the activation of ORs as well as TAARs by amines, although TAARs may be more sensitive to low concentrations of certain amines than are ORs (Pacifico et al., 2012; Zhang J. et al., 2013).
One potential clue comes from our finding that human TAAR5 is activated by extracts of rotten fish, which has an odor A B Figure 7 . TAAR5 responds to TMA and spoiled fish. Human and macaque receptors were heterologously expressed in HEK293 cells cotransfected with a CRE-SEAP vector, and their activation was monitored by a SEAP assay. Dose-response curves for human and macaque TAAR5 to TMA are shown in A, with an EC 50 of 59 and 55 M, respectively. Average Ϯ SEM, n ϭ 3. Human TAAR5 responds to spoiled but not to fresh salmon (diluted 1:30) (B). Average Ϯ SEM, n ϭ 12; ***p Ͻ 0.0001 Student's t test for responses compared with that of the vector. SEAP activity given relative to no ligand control.
typically repulsive to humans. Preliminary studies suggest that several mouse TAARs, including mTAAR5, also respond to spoiled fish (K-h.Y, L.R.S, L.B.B., unpublished observation). Human TAAR5 also recognizes the mTAAR5 ligand TMA, which is attractive to mice (Li et al., 2013) , but intensely aversive to humans (Mitchell and Smith, 2001) . Indeed, in "fish malodor syndrome" (trimethylaminuria), humans unable to convert TMA to an odorless oxide have excessive TMA in bodily secretions, a condition that can repel others (Mitchell and Smith, 2001 ). Interestingly, ligands for two mouse TAARs (mTAAR3 and mTAAR4) are aversive to mice , and mice lacking those TAARs fail to show aversion to the ligands . In addition, an agonist for one zebrafish TAAR is aversive to the fish (Hussain et al., 2013) .
Together, these findings raise the possibility that TAARs have been evolutionarily conserved due to a specialized ability to elicit innate responses, such as avoidance. The functional significance of these responses could vary among animals. For example, aversive responses of mice to 2-beta-phenylethylamine, a mouse TAAR4 ligand present in some carnivore urines, could aid in predator avoidance . In contrast, the activation of human TAAR5 by spoiled fish might discourage the ingestion of foods that could harbor pathogenic microorganisms that pose a danger to health.
